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Abstract The copper-doped gold nanowires (4 nm in diame-
ter) were produced by the novel technique based of laser ab-
lation of Au–Cu alloy inside superfluid helium. The principle
of the method is using the quantized vortices as the 1D tem-
plate for the condensation of the ablation products into thin
threads. The nanowires were applied as the catalyst in СО
oxidation with oxygen. The activity of Au–Cu nanowires de-
posited on glass filters was compared with that for monome-
tallic and bimetallic Au and Cu particles (3–8 nm in diameter)
deposited on alumina by traditional deposition–precipitation
and impregnation techniques. The apparent activation ener-
gies of the reaction (Еа) were 95 and 98, 150, and 147 kJ/
mol for Au–Cu nanowires and Au–Cu, Au, and Cu particles,
respectively. During running-in of the Au–Cu nanowire–
based catalyst, Еа decreased to 20 kJ/mol and retained at this
level in the subsequent cycles of lowering and raising the
reactor temperature.
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Introduction
For a long time, gold had been regarded as a very stable and
catalytically inert metal until Haruta et al. found the surpris-
ingly high activity of supported gold nanoparticles (NPs) for
the low-temperature CO oxidation [1]. The recent progress in
heterogeneous catalysis by gold resulted in remarkable inves-
tigations that demonstrated the high activity of 3–10-nm gold
particles in the conversion of bioethanol to synthetic hydro-
carbons [2], water gas shift reaction [3, 4], selective hydroge-
nation of alkynes [5–8], hydrodechlorination of organic mol-
ecules [9, 10], and CO oxidation [11–13]. Numerous data on
gold catalysis indicate that, apart from the critical particle size
(3–5 nm) [1, 14], significant roles for catalytic activity are
played by particle shape [13, 15], particle surface chemistry
[16, 17], the support nature [10, 18], mutual arrangement of
particles, the sign and quantity of the electric charge on the
nanoparticle surface [19, 20]. However, the activity of gold
nanoparticles is mainly attributed to the high surface curvature
[1, 13]. This is supported by the fact that high catalytic activity
is exhibited also by gold films provided that they have surface
defects with nanometer lateral dimensions [15, 16].
Quasi-one-dimensional (1D) structures, nanowires (NWs)
[21, 22], also have a high surface curvature; therefore, it can
be expected that gold wires with diameters close to the critical
diameter of gold particles (3–5 nm) would also be catalytically
active. However, the structural characteristics of nanowires
such as the shape and the state of the surface obviously differ
from those for particles. Therefore, it appeared of interest to
verify the possibility of using nanowires in catalysis in relation
to СО oxidation as the test process and to compare the action
of nanowires and gold nanoparticles of a similar diameter
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under the same conditions. Nanowires have not been virtually
used as catalysts [23, 24], as it is difficult to manufacture
nanowires of small diameter in amounts sufficient for direct
measurement of the catalytic action. From this standpoint,
unique opportunities are provided by the recently developed
method for the synthesis of metal nanowires by laser ablation
in superfluid helium (LA) [25, 26], which allows preparation
from different metals in exceptionally pure conditions of con-
siderable amounts of nanoweb consisting of single nanowires,
interconnected via metallic bonding.
The nanowire thickness and thermal stability depend on the
metal thermochemical properties [25, 26]. In particular, the
gold wires have diameter of 4 nm and, despite the high melt-
ing point of bulk gold (1336 K), decayed into chains of sep-
arate nanoclusters already at room temperature [27]. Since this
decay is induced by unfreezing the surface atom mobility, the
nanowire temperature stability can be improved by doping the
major metal by another metal that is readily oxidized in air, as
was demonstrated by copper doping of silver [25, 26]. In
addition, as compared with other metals, copper seems to be
a promising additive to gold due to the synergistic effects
detected for supported Au–Cu catalysts in the CO oxidation
[28–30].
The purpose of this study was to test the Au–Cu(NW)
nanowires as a catalyst and to compare its activity for CO
oxidation with that of Au–Cu(NP), Au(NP), and Cu(NP)




Au–Cu(NW) were produced by LA method inside of liquid
helium optical cryostat (Institute of Problems of Chemical
Physics of the RAS) pumped out to achieve liquid helium
transition to superfluid state. The nanowires were grown from
the metal atoms and small clusters embedded into superfluid
helium at 1.7 K by laser ablation from the surface of metal
targets immersed into liquid helium [25, 26]. The solid-state
Nd:LSB diode-pumped (the wavelength is 1.06 μm, the pulse
repetition frequency is from 1 to 4 kHz, the pulse energy is
10−4 J, and the pulse duration is 0.4 ns) was used for ablation.
A gold–copper alloy (1:1) plate was used as a precursor for the
Au–Cu(NW). Carbon-coated grid (CCG) was used as a sup-
port in the preparation of the Au–Cu(NW)/CCG samples for
transmission electron microscope (TEM) measurements. A
glass microporous filter, 0.1 cm thick and 2.1 cm in diameter,
was used as a support in the preparation of the Au–Cu(NW)/
glass samples for catalytic experiments. In the preparation of
Au–Cu(NW)/glass samples, the ablation time was about
30 min. During this period, about 1×10−6 mol of the metal
was deposited to give a 20–30-nm thick web layer containing
Au–Cu nanowires.
Since whole ablated substance was captured to the
quantized vortices, eventually forming nanowires, the in-
tegral metal ratio in nanowire coincided with that in the
alloy being equal to 1:1 in our case. However, the first
stage of the metal particles coagulation of leads to their
melting. Because the element composition does not corre-
spond to existence of Au/Cu solid solution, the metal in
the resulting cluster is separated under cooling into two
phases—one, enriched by gold, and second, enriched by
copper. It takes place up to the nanocluster size equal
approximately to 4 nm. Then, the clusters stuck together
by the partial melting at the contact point to form a nano-
wire. Besides, unlike the large pieces of metal, the contri-
bution of the surface energy to the free energy is very
significant in a nanoscale, which leads to additional en-
richment of nanowire surface by lighter copper atoms. As
a result, in addition to quasi-periodic heterogeneity of the
elemental composition along the axis of nanowire, there is
heterogeneity in transversal direction. In more detail, this
effect has been considered by us for Ag/Cu nanowires
with different elemental compositions [22].
Au–Cu (NP), Au(NP), and Cu(NP) nanoparticles were
prepared by impregnation and deposition–precipitation as
described in [29]. Gamma alumina (Catalyst LLC, S=
160 m2/g, 2-mm grains) was used as a support for parti-
cles. Cu(NO3)2 and HAuCl4 (Sigma-Aldrich, 98–99 %
pure) were used as precursors. The actual metal content
in M(NP)/Al2O3 samples was measured by atomic absorp-
tion spectroscopy using a ThermoiCE 3000 AA spectrom-
eter. The gold and copper contents of Au(NP)/Al2O3 and
Cu(NP)/Al2O3 samples were 0.1 and 0.05 wt%, respec-
tively. The gold and copper contents of Au–Cu(NP)/
Al2O3 were 0.08 and 0.03 wt%, respectively.
TEM measurements
TEM measurements were carried out on a JEOL JEM
2100 F/UHR microscope with 0.1-nm resolution. Au–
Cu(NW)/CCG samples were analyzed without any treat-
ment. M(NP)/Al2O3 specimens for TEM analysis were
prepared by ultrasonic dispersion of M(NP)/Al2O3 sample
in ethanol followed by deposition of a drop of the suspen-
sion on a CCG. The assignment of dark spots visible in
the images of the M(NP)/Al2O3 specimens to the metal
particles was performed by means of electron diffraction
X-ray analysis with application of a JED-2300 X-ray
spectrometer. The size of particles was calculated as max-
imum linear size. For each M(NP)/Al2O3 sample, 300 to
380 particles were processed to determine the average
particles diameter.
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CO oxidation
The pulsed microcatalytic method commonly used, in partic-
ular by us, for the catalysts testing [29] was applied for the
comparative study of nanoparticle and nanowire catalytic ac-
tivity. The oxidation of СО with molecular oxygen was per-
formed in a tubular quartz reactor in a pulsed regime. An Au–
Cu(NW)/glass sample (one piece, [Au]+[Cu]≈1×10−6 mol)
orM(NP)/Al2O3 sample (0.2 g, [M]≈1×10−6 mol) was placed
into the reactor on a Schott filter (S=0.785 cm2) in such a way
as to prevent as fully as possible the gas mixture from
bypassing the catalyst. Helium was continuously passed
through the reactor under atmospheric pressure at a flow rate
of 60 mL/min. In experiments with nanoparticles, the reactor
containing the catalyst was maintained at 573 K for 1 h to
clean the catalyst surface from the impurities adsorbed from
air. The nanowires because of their low thermal stability were
not preliminarily heated. Then, the required reactor tempera-
ture was established and 1 mL of the gas mixture was injected
pulse-wise into the helium flow under atmospheric pressure
(CO/O2/He =2:1:97 vol%). The quantitative composition of
the flow at the reactor outlet was determined by GC on an
LHM-80 gas chromatograph equipped with a thermal conduc-
tivity detector and a packed column (Porapak Q, 1 m, id
2 mm). CO conversion was calculated fromCO and CO2 peak
areas using pre-constructed calibration curves. Ten to 30 suc-
cessive pulses of the reactant were introduced into the flow
every 20 min in order to obtain steady state CO conversion
value (α) at each reaction temperature. The thus-measured
temperature dependence of the steady state CO conversion
far from its limiting value achieved at high temperature re-
flects the temperature dependence of the catalytic reaction rate
[31]. The catalyst performance was determined based on the
apparent activation energy [31]. The value of the activation
energy was estimated as the slope of the dependence of ln(α)
on the 1/RT, were [α] is the steady state CO conversion in 1–
40 % range as described in [32].
Results and discussion
Catalyst characterization
Figure 1 shows typical TEM photomicrographs of the CCG-
supported Au–Cu(NW) sample. It can be seen that nanowires
as placed on the carbon surface as were hanging as a web in
2-μm CCG holes. According to TEM data, the single Au–
Cu(NW) wire diameter is 4 nm, while the average length of
a nanowire is about 200 nm. The copper stabilizing influence
on gold can be traced in Fig. 2, which shows a TEM image of
neat gold nanowires, which, unlike the Au–Cu analogues,
decay into the chains of nanoclusters even at 300 K. Consid-
ering the nanowires’ temporary contact with the air, the most
probable chemical composition for them is (Au–
Cu)core–(CuO)shell as it is for nanoparticles of the same com-
position. The TEM image of Au(NP)/Al2O3 and Cu(NP)/
Al2O3 is presented in Figs. 3 and 4, respectively. The gold
particle size in the Au(NP)/Al2O3 sample is in the 1- to 11-
nm range, the average gold particles size being 5 nm. The
copper particle size in a Cu(NP)/Al2O3 sample varies from 1
to 7 nm, the average particles size being 3 nm. The TEM
image of the bimetallic Au–Cu(NP)/Al2O3 reference sample
is presented in Fig. 5. The average particles size in the bime-
tallic sample is 8 nm. A study of the surface chemistry for
Fig. 1 TEM image of the Au–Cu nanowires on CCG support at 300 K
Fig. 2 TEM image of the Au nanowires on CCG support at 300 K
(unpublished data from our previous study; ref. [27])
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Au(NP)/Al2O3, Cu(NP)/Al2O3, and Au–Cu(NP)/Al2O3 was
reported previously [29]. It follows from the XPS and
DRIFTS data [29] that copper in Cu(NP)/Al2O3 occurs as
CuO; gold in Au(NP)/Al2O3 occurs as Au
0; and in Au–
Cu(NP)/Al2O3, a large portion of Cu-containing particles are
located on the surface of gold particles.
CO oxidation
Figure 6 shows the plot for CO conversion versus the number
of reaction mixture pulses for the Au–Cu(NW)/glass sample.
It can be seen that during reactor heating, the CO conversion
on Au–Cu(NW) does not depend on the pulse number. The
invariable conversion of CO irrespective of the pulse number
is also retained during the reactor cooling. A similar behavior
was demonstrated by NP-based reference catalysts. Note that
in all experiments, the limiting conversion ofСОwas 53±5%
and did not change as the reaction temperature was raised.
This result implies that during the catalytic experiment, some
invariable part of the flow permanently bypasses the catalyst
and does not participate in the reaction. However, since this
contribution does not depend on temperature, it does not affect
the activation energy values.
The curves for the steady state СО conversion versus tem-
perature in the presence of NW- and NP-based catalysts are
shown in Fig. 7. During the first heating of the reactor, the
efficiency of CO oxidation varies in the following sequence:
Au(NP)<Cu(NP)<<Au–Cu(NP)<Au–Cu(NW) (Fig. 7, 1
(H)). The activation energy calculated from Fig. 8 is 98, 95,
147, and 150 kJ/mol for Au–Cu(NW), Au–Cu(NP), Cu(NP),
and Au(NP), respectively. The dependence of α on T for the
Au–Cu(NW) sample after the first heating is shown in Fig. 7
(Au–Cu(NW), 1 (С)). This dependence was recorded during
cooling and is characterized by low activation energy of about
30 kJ/mol. The last demonstrates the catalyst’s running-in
during the first heating. In the course of Au–Cu(NW) catalyst
subsequent heating and cooling cycles, the changes in temper-
ature dependences become weaker (Fig. 7, cf. Au–Cu(NW), 1
Fig. 3 TEM image of the nanoparticles in the Au/Al2O3 catalyst at 300 K
Fig. 4 TEM image of the nanoparticles in the Cu/Al2O3 catalyst at 300 K
Fig. 5 TEM image of the nanoparticles in the Au–Cu/Al2O3 catalyst at
300 K
Fig. 6 CO conversion as a function of the pulse number over Au–
Cu(NW)/glass catalyst, the first cycle; heating mode
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(H), 3 (H), and 3 (C)), and in the third cycle, Au–Cu(NW)
catalyst reaches the stable operation mode, which has an acti-
vation energy of about 20 kJ/mol.
The decrease in the activation energy with time during the
catalytic process is usually associated with the modification of
the catalyst surface in the reaction. Chemical modification of
supported catalysts during CO oxidation was investigated in
detail recently [29, 33–35]. It was found that CuO on the
surface of copper phase is reduced with CO to give Cu2O.
Jernigan and Somorjai reported [35] that the activation energy
for CO oxidation in the presence of Cu2O species is lower in
comparison with CuO species. The same chemical modifica-
tion under the influence of reaction conditions can play an
important role providing the high catalytic activity of Au–
Cu(NW) catalyst, because the surface of the initial Au–
Cu(NW) should be covered with CuO. The running-in of the
Au–Cu catalyst can also be related to structural changes. Ac-
cording to TEM data, on heating to 723 K, the Au–Cu nano-
wires are transformed into chains composed of nanoparticles
(Fig. 9). Unlike the reference catalysts (Figs. 3, 4, and 5), all
the particles in these chains are as close as possible to one
another, which facilitate the positive role in the reaction of
different particles mutual interaction already observed in [36].
Conclusion
Aweb consisting of Au–Cu nanowires 4 nm in diameter was
synthesized by laser ablation of a gold-copper alloy in the
superfluid helium medium. The activity of the Au–Cu nano-
wires for the СО oxidation with molecular oxygen was detect-
ed for the first time. The efficiency of catalytic oxidation of
CO varies in the series: Au(NP)<Cu(NP)<<Au–Cu(NP)<
Au–Cu(NW), in accordance with the apparent activation en-
ergies: 150<147<< 98<95 kJ/mol. During the successive
heating–cooling cycles, Au–Cu(NW) nanowires are rapidly
run-in and reach an operation mode characterized by a con-
stant and low (about 20 kJ/mol) activation energy. The
running-in of Au–Cu(NW) nanowires during catalytic opera-
tion may be due to both chemical modification of the active
surface and decomposition of nanowires into separate nano-
particles occurring in close contact with one another. The
Fig. 7 Steady state CO conversion (α) as a function of reaction
temperature (T) over monometallic and bimetallic catalysts. 1 and 3 are
the first and the third cycle, respectively;H is heating from 298 to 723 K;
C is cooling from 723 to 523 K
Fig. 8 Logarithmic plots of steady state CO conversion (α) versus 1/T
(markers). The data linearization for low α values is represented by
dashed lines
Fig. 9 TEM image of the Au–Cu(NW)/CCG sample after heating at
723 K
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possible problem solution is to use the more stable nanowebs
made of more refractory metals, e.g., palladium, platinum, and
niobium. Subsequently, it is planned to study their catalytic
activity in nearest future.
However, there is another possibility. It is shown recently
[37] that by using iron-containing platinum nanowires depos-
ited on TiO2 as a catalyst for the reaction of CO oxidation by
air, the complete 100 % conversion is achieved already at
room temperature. In combination with the results of [38]
where 100 % conversion at room temperature for the same
reaction has been achieved by using Au nanoparticles on γ-
Fe2O3 support as a catalyst, this indicates that for the oxidation
of CO by air, the successful catalysis by gold nanoweb can be
carried out just at room temperature, when the gold nanowires
are quite stable against their decay into a chain of
nanoclusters. This means that in reaction of CO oxidation by
air catalyzed by nanowires, the temperature of complete con-
version may be so low that the nanowebs of most metals
would be stable for a long time.
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